The SWR1 complex (SWR1-C)-dependent deposition of the histone variant Htz1 on promoter nucleosomes is typical of Saccharomyces cerevisiae genes whose expression is frequently reprogrammed. Although this epigenetic marking is of significant physiological importance, the determinants of Htz1 deposition, the conditions that set off SWR1-C occupancy, and the implications of Htz1 in transcriptional initiation are issues that remain unresolved. In this report, we addressed these questions by investigating the GAL1 promoter. We show that Htz1 is required for efficient Mediator recruitment and transcription only when the GAL1 promoter is under the influence of the Tup1 corepressor. In fact, we show that it is Tup1 that specifies Htz1 deposition for the promoter nucleosome covering the transcription start site. This deposition occurs rapidly following transcriptional repression, and it correlates with a Tup1-independent transient recruitment of the SWR1 complex. We propose that Tup1 cooperates with SWR1-C and specifies Htz1 deposition at GAL1, thereby marking the promoter for rapid neutralization from its repressive effects.
Promoter chromatin organization is a fundamental determinant of the dynamics of transcriptional states of eukaryotic genes. In the course of transcriptional activation or the establishment of transcriptional repression, promoter-resident nucleosomal histones serve as substrates for a variety of modifying and/or remodeling activities that have their reorganization as a result. This process is often facilitated by the presence of specific histone variants in these nucleosomes (for a review, see reference 2). A major class of such histone variants includes isoforms of histone H2A that differ from the canonical histone in both the length and sequence of the C terminus (38) . Among those, H2A.Z is present in all eukaryotic species, and its functional impact ranges from the maintenance of heterochromatin and high-order chromatin structure in mammals (9, 33) to an involvement in both heterochromatin and euchromatin in lower eukaryotes (1, 25) . In Saccharomyces cerevisiae, H2A.Z is encoded by the nonessential HTZ1 gene, and initial studies focusing on its genome-wide location revealed that it imposes a barrier in the spreading of the Sir complex-dependent heterochromatin (25) . It was recently established that Htz1, the yeast H2A.Z homologue, is preferentially present in promoter regions of euchromatic genes (13, 21, 32, 44) and that this presence is inversely proportional to transcription rate and occupancy of RNA polymerase II (PolII) (21) . In fact, studies on specific promoters, such as those of GAL1 and PHO5, have shown that Htz1 is present only when they are silent, being evicted upon transcriptional activation (1, 35) , a fact most likely reflecting the partial nucleosome loss from transcriptionally active promoters (4, 34, 36) . Finally, it has been shown for both these model promoters that the presence of Htz1 is actually required for proper transcriptional activation (13, 21, 44) .
The fact that Htz1 contributes to the transcriptional activation of previously repressed genes has led to the hypothesis that this epigenetic marking serves genes whose expression is constantly reprogrammed (22) . The obvious question then concerns the identification of the signal(s) that determines the recruitment of the elicitors of Htz1 deposition to such promoters. The only identified elicitor, SWR1-C, a multisubunit protein complex, has been shown to replace Htz1-H2B with H2A-H2B dimers in vitro, while a deletion of SWR1, the gene encoding the catalytic Swr1 ATPase subunit of SWR1-C, abolishes Htz1 deposition in vivo (18, 19, 27) . Recent studies have implicated two promoter features as being signals that target SWR1-C recruitment and Htz1 depositions to euchromatic loci. One feature is acetylation of nucleosomal histones, a modification that targets SWR1-C recruitment through the mediation of its Bdf1 subunit, which contains two tandem bromodomains shown to bind acetylated histone H3 and H4 tails (20, 24) . In concert with this notion, inactivation of the Gcn5 HAT subunit of SAGA resulted in decreased levels of Htz1 deposition at certain loci, and a similar defect was observed when Bdf1 was inactivated (32, 44) . The second feature is based on a common nucleosomal architecture, according to which the Htz1-containing nucleosomes are located upstream and downstream of a nucleosome-free region that encompasses the transcription start site (TSS) (32) . Strikingly, a single 22-bp DNA promoter sequence was found to be sufficient for both the formation of a nucleosome-free region and Htz1 deposition in the two flanking nucleosomes. This sequence element consists of a binding site for the Myb-related DNA binding protein Reb1 and an adjacent dT:dA tract, and both motifs are required for Htz1 deposition (32) .
Although these motifs and the corresponding chromatin architecture are frequently found in yeast promoters, they by no means cover the entire repertoire of Htz1-containing promot-ers. One such case is the well-studied GAL1 promoter. This Htz1-containing promoter lacks a sequence element that contains Reb1 binding sites adjacent to dT:dA tracks (28) . Moreover, GAL1 lacks a nucleosome-free region encompassing the TSS; instead, it bears a well-positioned nucleosome (nucleosome Ϫ1) covering the TSS (5, 41) . In addition, it is hard to envision how histone acetylation can offer targeting for SWR1-C since the GAL1 promoter is subjected to transcriptional repression by the Tup1 corepressor complex known to be involved in the recruitment of histone deacetylases (6, 43) . It follows that GAL1 is a notable exception from the general rules established from whole-genome studies, and its well characterized repression-activation mechanisms offer a unique opportunity to expand the rules that determine Htz1 deposition to this category of drastically reprogrammable genes.
In this report, we have investigated the regulatory factors that determine Htz1 deposition at specific GAL1 promoter nucleosomes as well as the conditions that trigger SWR1-C recruitment. We show that the Tup1 corepressor specifies Htz1 deposition at a single GAL1 promoter nucleosome upon glucose repression and that this deposition marks the promoter for efficient Mediator recruitment and rapid transcriptional activation. This mechanism is not restricted to the GAL1 promoter since we also show that Tup1 is required for Htz1 deposition at the SUC2 promoter.
MATERIALS AND METHODS
Yeast strains and media. Standard synthetic yeast media were used: yeast extract-peptone-glucose (2% glucose) and yeast extract-peptone-galactose (2% galactose). Cells were shifted from glucose to galactose following a 15-min wash in sterile water at 30°C. Cells were shifted from galactose to glucose by removing yeast extract-peptone-galactose and adding yeast extract-peptone-glucose with no water wash interval. FT5, a Gal ϩ derivative of S288c (42) , was used to epitope tag Htz1 and Swr1 with 3-hemagglutinin (3-HA) and 9-Myc epitopes, respectively, according to methods described previously (17) . These tagged strains exhibited normal growth with 2% formamide as previously described (15) . 9-Myc Srb4 and 3-HA Gcn5 were similarly constructed in strain FT5, while the 3-HA TATA-binding protein (TBP)-expressing strain was a gift from K. Struhl. Total deletions of HTZ1, HDA1, and SWR1 were generated using a PCR-based strategy as described previously (17) . The FT5 derivatives swi2⌬, tup1⌬, and cyc8⌬ were described previously (30, 39) .
Gene expression analysis and nucleosome remodeling assays. Total yeast RNA was isolated from yeast cells grown to an optical density at 600 nm of ϳ0.60 to 0.8 by the acid hot-phenol method as described previously (41) . Micrococcal nuclease assays were performed using nystatin-permeabilized spheroplasts (41) . Following MNase digestions, the nucleosomal structure of the GAL1 promoter was analyzed by the indirect end-labeling method, cutting by PvuII, and using the GAL1 BsaI-PvuII fragment as a probe, as described previously (41) .
Chromatin IPs. All chromatin immunoprecipitations (IPs) were performed as described previously (37) , with the following modifications. The cross-linking of HA-Htz1-bearing strains was done for 20 min, while the cross-linking of 9-Myc Swr1 was prolonged to 1 h. An excess amount of antibody was used in all cases in order to deplete antigen. The following commercially available antibodies were used: polyclonal antibody specific for the HA and Myc epitopes (Y-11 and A-14, respectively; Santa Cruz Biotechnologies), polyclonal antibody against the DNA binding domain of Gal4 activator protein and PolII (Sc-577 and C-21, respectively; Santa Cruz Biotechnologies), and, finally, polyclonal serum against H3 (ab1791; Abcam). Immunoprecipitated as well as input DNAs were amplified by a 26-cycle PCR in the presence of [␣-32 P]dATP and tested for linearity by using template serial dilutions, and products were analyzed in a 7% polyacrylamide gel. The DNA fragments were visualized through autoradiography and quantified with a PhosphorImager (Molecular Dynamics). PCR products were quantified, and numbers indicating the ratio of IP over input PCR products were calculated. The oligonucleotide primers used were as follows (coordinates are given relative to the ATG [ϩ1]): GAL1 (upstream activation sequence [UAS]/ upstream repression sequence) primers from positions Ϫ370 to Ϫ169, GAL1 (core promoter) from positions Ϫ179 to ϩ 43, GAL1 open reading frame (ORF) primers from positions ϩ1342 to ϩ1558, the PHO5 promoter from positions Ϫ367 to ϩ40, and TEL6 primers that amplify an intergenic region proximal to the right arm of telomere VI (VIR) (positions 269322 to 269339 and 269679 to 269698, respectively) (40) . For experiments involving mononucleosomes, fragmentation of cross-linked protein-DNA complexes was accomplished by extensive MNase digestion, as described previously (37) . Primers amplifying the nucleosome-protected DNA fragments were designed in accordance with methods described previously (13) . Mononucleosome prevalence was verified by PCR using a 200-bp amplicon flanking the above-described nucleosome regions.
RESULTS
Htz1 is required for efficient Mediator recruitment at the GAL1 promoter. Clues for the identification of factors determining Htz1 deposition at the GAL1 promoter nucleosomes can be offered by gaining an understanding of the functional significance of such a deposition in transcriptional dynamics. It was reported previously that Htz1 is required for the efficient transcriptional activation of GAL1 without being involved in the efficiency of the binding of the Gal4 activator (1) . In order to identify the step at which Htz1 exerted its function, we examined the recruitment of coactivators known to be required for GAL1 transcriptional activation in yeast strains lacking the HTZ1 gene (htz1⌬ strains). As shown in Fig. 1A and B, chromatin IP analysis revealed that the extent of Gal4 and TBP recruitment was comparable between wild-type and htz1⌬ strains grown under either repressive (glucose) or inducing (60 min in galactose) conditions. As expected, neither Gal4 nor TBP displayed detectable binding on an irrelevant intergenic region located proximal to the right arm of chromosome VI ( Fig. 1A and B , right). In accordance with the fact that functions mediated by the SAGA coactivator complex dictate TBP recruitment on this promoter (3, 8) , the weak increase in the occupancy of the Gcn5 histone HAT subunit of SAGA observed early in the course of transcriptional induction was also not affected by the lack of the Htz1 histone variant (Fig. 1C ). By contrast, monitoring of Srb4, a core Mediator subunit, revealed that the recruitment of Mediator was severely compromised in the htz1⌬ strain grown in galactose medium (60 min), and as a consequence, RNA PolII (monitored by the large Rpb1 subunit) failed to be recruited on the GAL1 promoter under the same conditions ( Fig. 1D and E). No recruitment was again observed on the telomere VIR intergenic region ( Fig. 1D and E, right). These results suggested a positive function for the Htz1-containing nucleosomes in the recruitment of the Mediator complex on the GAL1 promoter during the process of transcriptional activation. This positive role of Htz1 was prominent at early stages of galactose induction; at later time points (galactose for 120 min), the levels of Mediator and PolII occupancy of GAL1 at the htz1 mutant strain were comparable to those observed in the wild-type strain ( Fig. 1D and E), consistent with the similar levels of GAL1 expression at this time point (see below).
The Htz1 requirement for GAL1 activation is compromised in the absence of the Tup1 corepressor. The process of transcriptional activation of the GAL1 gene requires the alleviation of the negative function of the Tup1 corepressor. Besides recruiting histone deacetylases (see above), the Tup1 transcriptional repression function is also mediated by physical interactions between the Tup1 repression domain and specific Mediator subunits (14, 29, 44) . Given the above-described VOL. 27, 2007 DYNAMICS OF Htz1 DEPOSITION 4199 on September 26, 2019 by guest http://mcb.asm.org/ results, one could postulate that Htz1 antagonizes this Tup1mediated repression. We tested this hypothesis genetically.
The GAL1 transcriptional defect of the htz1⌬ strain was manifested as a significant delay (60 min versus 120 min) in GAL1 activation kinetics upon shifting glucose-grown yeast cultures to galactose medium ( Fig. 2A and B) . In a tup1⌬ mutant strain, GAL1 transcription was induced even more rapidly than in the wild-type strain (Fig. 2C ), and similar rapid kinetics were ob-served in the tup1⌬ htz1⌬ double mutant strain ( Fig. 2D ). Thus, alleviation of Tup1-mediated repression compromises the Htz1 requirement for transcriptional activation of GAL1 transcription. Htz1 deposition at GAL1 depends on the Tup1 corepressor. Given the above-described finding, it is possible that Htz1containing nucleosomes do not even exist in the absence of this corepressor complex. This possibility was tested by examining the levels of Htz1 present on the GAL1 promoter in tup1⌬ and cyc8⌬ strains lacking either one of the corepressor's subunits. Using epitope-tagged Htz1-expressing strains grown under repressive conditions (glucose), we observed that Htz1 levels deposited at the GAL1 promoter were significantly lower in the tup1⌬ strain than those observed in the wild-type strain (Fig. 3A ). In the cyc8⌬ yeast mutant strain, we observed an even more severe defect in Htz1 deposition (Fig. 3A ). In contrast to the Htz1 variant, the levels of histone H3 were comparable in wild-type, tup1⌬, and cyc8⌬ strains, a fact suggesting that the underlying nucleosomal density was not affected by these mutations (Fig. 3B ). This was substantiated through micrococcal nuclease analysis, which revealed that Tup1 was not required for the positioning of the promoter nucleosomes ( Fig.  3G ). On the other hand, Htz1 deposition at the Tup1-independent PHO5 promoter as well as at the coding sequence of the GAL1 gene was actually enriched in tup1⌬ or the cyc8⌬ strains ( Fig. 3C and D) , although both mutant strains express the Htz1 protein (relative to histone H3) at levels comparable to those observed for the wild-type strain (Fig. 3F ). Finally, as shown in Fig. 3H , Htz1 was normally deposited at the GAL1 promoter in a yeast mutant strain lacking HDA1, the histone deacetylase known to function with Tup1 in the same pathway (43), and similar results were observed with histone H3 (Fig.  3I ). Htz1 and H3 were also normally deposited at GAL1 in a (Fig. 3H and I) , the DNA-binding repressor protein shown to be important for full transcriptional repression function yet dispensable for Cyc8-Tup1 recruitment to the GAL1 promoter (30) . In addition, Htz1 was normally deposited at the GAL1 promoter in strains lacking either Rpd3 or Cti6 subunits of the Sin3-Rpd3 histone deacetylase complex (16) (data not shown). The results presented above clearly indicate that Htz1 deposition at the GAL1 promoter depends on the Tup1-Cyc8 corepressor complex and that this effect does not involve localized histone deacetylation through Hda1 or the function of additional repressor proteins such as Mig1.
The Tup1 requirement of Htz1 deposition is not restricted to the GAL1 promoter. Examination of the generality of the involvement of Tup1 in Htz1 deposition is complicated by the fact that, in contrast to genes involved in galactose metabolism, most Tup1-regulated genes are constitutively expressed in a TUP1 deletion strain. This necessitates an experimental setting that could allow the testing of Htz1 deposition in a tup1⌬ strain not only in the absence of active transcription (a situation that could be achieved by using a TATA-less promoter context) but also in the absence of subsequent promoter nucleosome remodeling or loss. Transcription of SUC2, another Tup1-repressible gene not related to galactose metabolism, depends on the Swi/Snf chromatin remodeling complex, and the absence of this complex abolishes SUC2 promoter nucleosome remodeling and transcription even in a mutant background lacking the Tup1-encoding gene (11) . We examined the levels of Htz1 deposited at the SUC2 promoter in wild-type, swi2⌬, and swi2⌬ tup1⌬ double mutant strains grown in glucose medium. As indicated in Fig. 4A , the levels of Htz1 deposited at SUC2 in the swi2⌬ mutant strain were comparable to those observed in the wild-type strain, but they were significantly higher than those observed in the swi2⌬ tup1⌬ double mutant strain. No difference in Htz1 deposition was observed at the PHO5 promoter ( Fig. 4C ), while levels of histone H3 at both promoters were comparable in wild-type, swi2⌬ and swi2⌬ tup1⌬ strains ( Fig. 4B and D) . This experiment demonstrated that the Tup1 requirement for Htz1 deposition is also evident for SUC2 and may affect additional Tup1-regulated genes.
Tup1-dependent Htz1 deposition at GAL1 occurs rapidly upon reestablishment of repression. We have established that Tup1 is required for Htz1 deposition at the GAL1 promoter in cells grown in steady state in glucose. This requirement could reflect either the maintenance of the Htz1-modified nucleosomal structure or the dynamics of its establishment. In that respect, Htz1 deposition should occur upon the reestablishment of the transcriptionally repressed state, since the high levels of Htz1 at GAL1 observed in glucose-grown cells are significantly decreased when growth occurs under induction FIG. 3 . Htz1 deposition at the GAL1 promoter depends on the Tup1 corepressor. Chromatin IPs were performed in glucose-grown wild-type (WT), tup1⌬, and cyc8⌬ mutant strains all expressing an HA epitope-tagged Htz1 histone variant. Htz1 or H3 deposition in these strains was monitored for the GAL1 (A and B) , the PHO5 (C), and the GAL1 (D) ORFs. Inputs (In) and immunoprecipitated (Ip) DNAs were PCR amplified in the presence of [ 32 P]dATP, and numbers indicate immunoprecipitated/input ratios. (E) Htz1 background levels were controlled by chromatin IP as in A using non-Htz1-tagged wildtype, tup1⌬, and cyc8⌬ mutant strains. The primers used amplify the GAL1 UAS region. (F) Western blot analysis of total protein extracts obtained from the indicated HA-Htz1-expressing strains grown in glucose. HA-specific and anti-H3 antibodies were used. (G) Nucleosome positioning at the GAL1 promoter in wild-type and tup1⌬ strains as assayed by MNase sensitivity; "n" indicates naked genomic DNA digested with MNase. Also shown is a schematic representation of the GAL1 promoter indicating the position of three nucleosomes (Ϫ1, Ϫ2, and ϩ1). The UAS GAL (UAS), the TATA element (T), and TSS (arrow) are also indicated. Histone Htz1 (H) and histone H3 (I) deposition at GAL1 in wild-type and hda1 and mig1 deletion yeast strains was monitored by chromatin IPs performed as described above (A and B) . Fig. 5A , increased levels of Htz1 at GAL1 were evident within 15 min after shifting cultures from galactose to glucose and reached the highest values after 45 min of growth in glucose. When the same chromatin samples were immunoprecipitated with antibodies raised against histone H3, we observed that histone H3 occupancy preceded that of Htz1 (15 versus 45 min) ( Fig. 5B) , possibly reflecting Htz1 deposition at a preformed canonical nucleosome. Finally, GAL1 mRNA analysis in the wild-type strain showed that upon shifting yeast cultures in glucose me-dium, GAL1 transcription ceased almost instantaneously, since mRNA levels drop with kinetics in concert with the average half-life of yeast mRNAs (within 5 to 10 min) ( Fig. 5C ), suggesting that the transcription turnoff preceded the Htz1 deposition. In accordance with the steady-state results (Fig. 3A) , Htz1 deposition at the GAL1 promoter was inefficient when tup1⌬ cells were shifted to glucose medium (Fig. 5E ). Chromatin IPs using antibodies raised against histone H3 showed a histone H3 deposition kinetic similar to that observed in the wild-type strain (Fig. 5F ), suggesting that nucleosome re-formation takes place normally upon transcriptional shutdown even in the absence of Tup1. Finally, upon shifting tup1⌬ cells in glucose (Fig. 5G) , GAL1 transcription ceased with only a slight delay (within 10 min), suggesting that the relatively inefficient Htz1 deposition at GAL1 in yeast cells lacking Tup1 is not a result of persistent transcription in this genetic background. The results presented above indicated that Tup1 is required for the establishment of Htz1-modified nucleosomes at the GAL1 promoter, which occurs rapidly upon transcriptional repression. SWR1-C is transiently tethered at GAL1 even in a tup1⌬ mutant strain. It is known that the SWR1 complex is largely responsible for global genomic Htz1 deposition at promoter nucleosomes. Thus, the kinetics of Htz1 deposition at GAL1 allowed us to examine whether the recruitment of SWR1-C was quantitatively dependent on Tup1. For this purpose, we constructed yeast strains expressing an epitope-tagged version of Swr1, the essential SWR1-C ATPase subunit. First, we examined whether SWR1-C was tethered at GAL1 upon glucose repression. As demonstrated in the chromatin IP experiment shown in Fig. 5D , Swr1 cross-links with the GAL1 promoter DNA with relatively low efficiency in galactose-grown cells, but its occupancy increased rapidly within 5 to 15 min after the removal of galactose and the addition of glucose into the growth medium. Swr1 occupancy was transient and dropped thereafter, reaching levels similar to those observed in steadystate galactose-grown cells within 45 min. We concluded that SWR1-C recruitment at GAL1 is increased rapidly and transiently upon transcriptional repression. Given the Tup1 requirement for Htz1 deposition, we then examined whether the extent of tethering of SWR1-C at GAL1 was dependent on the Tup1 corepressor. Surprisingly, the transient increase in the SWR1-C occupancy of the GAL1 promoter that was observed in the wild-type strain was also qualitatively and quantitatively similar in the tup1⌬ mutant strain (Fig. 5H ). We concluded that Tup1 is not required for the recruitment of the SWR1-C at the GAL1 promoter.
Tup1 is specifically required for Htz1 deposition at the promoter-proximal GAL1 nucleosome. The fact that the normally recruited SWR1-C resulted in lower (but not absent) levels of Htz1 deposition at GAL1 in a tup1⌬ strain could be due to distinct requirements of each promoter nucleosome for such deposition. In order to investigate this possibility, we first monitored the presence of Htz1 at the GAL1 promoter in individual nucleosomes. For this purpose, we applied a modified version of the standard chromatin IP protocol, where formaldehyde-fixed chromatin was digested by extensive micrococcal nuclease treatments and immunoprecipitated DNA was detected by PCR using primers corresponding to the promoter DNA wrapped around the two positioned nucleosomes FIG. 5. Htz1 deposition and SWR1-C recruitment at GAL1 occur shortly upon glucose repression. (Top) Histone Htz1 (A) and histone H3 (B) deposition at GAL1. Chromatin IPs were performed in parallel with mRNA analysis in a wild-type (WT) strain expressing HA epitope-tagged Htz1. Yeast cells grown in yeast extract-peptone-galactose medium (Gal) were transferred into yeast extract-peptone-glucose medium (Glucose) for the indicated time points. HA-specific antibody (A), H3-specific antibody (B), and GAL1 promoter primers were used for PCR amplification of input (In) and immunoprecipitated (Ip) DNA. Numbers indicate immunoprecipitated/input ratios. (C) GAL1 mRNA analysis in galactose-and glucose-grown cells. The wild-type strain described above was treated as described above (A), total RNA was extracted at the indicated time points, and it was fractionated in a formaldehyde agarose gel and hybridized with 32 P-labeled GAL1 and ACT1 probes. (D) SWR1-C occupancy of GAL1. Chromatin IPs were performed using Myc-specific antibody and GAL1 primers as described above (A) in a wild-type strain expressing Myc epitope-tagged Swr1. Yeast cells were cultured in galactose and then transferred in glucose for the indicated time points. (Bottom) The chromatin IP experiments presented in panels E, F, and H as well as GAL1 mRNA analysis of G were performed in the tup1⌬ mutant strain as described above (A, B, C, and D, respectively).
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on September 26, 2019 by guest http://mcb.asm.org/ ( Fig. 6A and F [see the legend for details]). As shown in Fig.  6B (left) , the presence of Htz1 in nucleosome Ϫ2 was detected at comparable levels in wild-type as well as in tup1⌬ and cyc8⌬ strains grown in glucose. By contrast, the presence of the histone variant in nucleosome Ϫ1 was dramatically compromised in either tup1⌬ or cyc8⌬ strains (Fig. 6B, right) , and this did not reflect nucleosome loss since the levels of histone H3 at nucleosome Ϫ1 were not affected by the tup1⌬ or the cyc8⌬ mutation ( Fig. 6C, right ; see also the left panel for nucleosome Ϫ2). In contrast to the tup1⌬ and cyc8⌬ mutant strains, cells lacking the Swr1 ATPase subunit of SWR1-C (swr1⌬) failed to deposit Htz1 at both Ϫ2 and Ϫ1 nucleosomes of the GAL1 promoter (Fig. 6D, left and right panels, respectively) , while the levels of histone H3 in this mutant background were normal at either nucleosomal position (Fig. 6E ). In addition, SWR-C was recruited equally well to both nucleosomes upon repression on GAL1 (Fig. 6G and H) . These observations indicated that the Tup1-Cyc8 corepressor complex is specifically required for SWR1-C-dependent Htz1 deposition at the TSS-positioned nucleosome Ϫ1 of the GAL1 promoter.
DISCUSSION
We have attempted to identify elements that determine the deposition of histone Htz1 at the GAL1 promoter. In the course of these studies, it was revealed that the Tup1 corepressor is an important determinant for Htz1 deposition for one specific nucleosome, the promoter-proximal one, and that this epigenetic mark facilitated the recruitment of Mediator upon transcriptional activation. Moreover, we have demonstrated that the Tup1 contribution is evident during the reestablishment of the repressed state when the SWR1-C remodeling complex is transiently recruited to the promoter.
The involvement of Tup1 in Htz1 deposition on GAL1 be- (B) Histone Htz1 and histone H3 (C) depositions at the distal (Nuc Ϫ2) and proximal (Nuc Ϫ1) GAL1 nucleosomes were monitored in glucose grown wild-type (WT), tup1, and cyc8 strains following chromatin IPs and PCR amplification using nucleosome-specific primers. Histone Htz1 (D) and histone H3 (E) deposition at nucleosome Ϫ2 and nucleosome Ϫ1 was monitored in wild-type and swr1 strains by chromatin IPs and PCR amplification as described above. Numbers indicate immunoprecipitated/input ratios. (F) The extent of MNase digestion in the above-described experiments was confirmed by PCR amplification of MNase-digested (MNϩ) or untreated (MNϪ) input DNA obtained from the indicated strains using primers spanning the region of both nucleosome Ϫ2 and nucleosome Ϫ1. (G) Swr1 recruitment on either nucleosome (nucleosome Ϫ2 and nucleosome Ϫ1) was monitored by chromatin IP in WT and tup1 strains grown in glucose as described above (B). (H) MNase treatment was confirmed as described above (F).
VOL. 27, 2007 DYNAMICS OF Htz1 DEPOSITION 4203 came evident when decreased levels of Htz1 were measured in a tup1⌬ background. Fine mapping of Htz1 deposited along the two promoter nucleosomes demonstrated that Tup1 is actually required for only the promoter-proximal nucleosome (nucleosome Ϫ1). By contrast, both proximal (nucleosome Ϫ1) and distal (nucleosome Ϫ2) nucleosomes depend on SWR1-C for Htz1 deposition. This fact establishes for the first time differences in the dynamics of SWR1-C-mediated Htz1 deposition between adjacent nucleosomes. Noticeably, the distal nucleosome is localized between the UAS and the TATA element, and thus, it does not preclude the binding of both Gal4 and TBP to the promoter, whereas the proximal nucleosome covers the transcription start point, and in principle, it should be removed for transcription initiation to occur (23) . It is conceivable that the differential requirement for Htz1 deposition could reflect distinct functions of the two nucleosomes in the repression-activation dynamics, with nucleosome Ϫ1 being the target of Tup1-mediated repression.
In agreement with the above-mentioned notion, in yeast cells lacking Htz1, the binding of the Gal4 activator and of TBP as well as the recruitment of the SAGA coactivator complex at GAL1 were at levels that were indistinguishable from those of the wild-type strain. By contrast, recruitment of Mediator was compromised, at least at the early points of galactose induction. Furthermore, Tup1 not only was required for efficient deposition of Htz1 in nucleosome Ϫ1 but was also essential for the manifestation of the transcriptional defect in GAL1 induction when Htz1 was absent. It is well established that Tup1 represses transcription through a multitude of mechanisms, one of them being through interference with the function of Mediator, while another is mediated through chromatin (12, 45) . We postulate that under repressive conditions, Tup1, on one hand, ensures that Mediator will not be recruited and that the repressive nature of nucleosome Ϫ1 will be maintained, and at the same time, it ensures the presence of Htz1 on this nucleosome. This epigenetic marking operates under transcription-inducing conditions and contributes to the rapid neutralization of Tup1-mediated repression, permitting the recruitment of Mediator. It should be noted that Tup1 is continuously bound to the GAL1 promoter, even under activation conditions (31) . Tup1 neutralization could be based on the fact that Htz1-bearing nucleosomes facilitate activation through their susceptibility to loss, thereby helping to expose promoter DNA to general transcription factors (44) . Based on these data, we propose that Htz1-containing nucleosomes deposited at GAL1 facilitate Mediator recruitment and transcription initiation, possibly through their susceptibility to loss upon transcriptional induction. A functional interplay between Htz1 and Mediator might be more general, since this transcriptional coactivator is associated with a number of environmentally reprogrammed genes (10), most of them highly enriched in Htz1-containing promoter nucleosomes (13, 32, 44) .
How does Tup1 specify Htz1 deposition? Clues concerning the answer to this question came by examining the dynamics of the shift from inducing to repressing conditions. First, we observed rapid kinetics for the de novo deposition of Htz1 similar to those recently described for the PHO5 promoter (26) . Second, we measured a transient recruitment of the SWR1 complex that correlated with the kinetics of Htz1 deposition. This recruitment was not dependent on the continuously bound Tup1, a fact consistent with the Tup1 independence for Htz1 deposition of nucleosome Ϫ2. Actually, the deposition reaction taking place at nucleosome Ϫ2 demonstrates that when tethered at GAL1, SWR1-C is competent for histone exchange, and thus, nucleosome Ϫ1 cannot serve as a proper substrate for SWR1-C in the absence of the corepressor. Tup1 might be essential for the proper re-formation and positioning of the proximal nucleosome upon glucose repression. However, both the extent of histone H3 deposition, indicative of nucleosome formation, and the steady-state MNase protection experiment indicated that even in the absence of the corepressor, GAL1 promoter nucleosomes are properly positioned at this level of resolution. Alternatively, it could be envisioned that contacts between the proximal GAL1 nucleosome and Tup1, which is known to interact with hypoacetylated H3 and H4 histone tails (7) , and/or Tup1-directed histone-modifying activities may be important for the histone exchange reaction. However, in the absence of histone deacetylases such as Hda1, which is important for Tup1-mediated function (43) , or even Rpd3, Htz1 was normally deposited at the GAL1 promoter. Finally, the artificial tethering of Tup1-Cyc8 to a test promoter was not sufficient to deposit Htz1 (data not shown). Given the above-described data, we envision that the transcriptionally poised state of GAL1 in a tup1⌬ background somehow compromises the function of SWR1-C at nucleosome Ϫ1. Whatever the exact mechanisms, our data suggest that gene-specific transcriptional regulators such as Tup1 play essential roles in SWR1-C-mediated Htz1 deposition at promoters. This mechanism of Htz1 deposition could involve the majority of the Tup1-repressed genes, a hypothesis that is weakly supported by the observed increase in Htz1 deposition in Tup1-unrelated chromatin (PHO5 and GAL1 ORF) in tup1⌬ strains. Unfortunately, this supposition cannot be easily tested since, unlike genes belonging to the galactose utilization system, for the majority of Tup1-regulated genes, analysis of promoter chromatin is complicated by their constitutive derepression in tup1⌬ strains. We circumvented this problem for the SUC2 promoter by using the swi2 genetic background that not only precludes transcription but, more importantly, also preserves the promoter chromatin structure (11) . Although we cannot yet generalize these findings, the requirement of Tup1 for Htz1 deposition for an additional glucose-repressed promoter strongly argues for the uncovering of a more general mechanism.
The primary goal of our studies was to define gene-specific determinants for SWR1-C recruitment and Htz1 deposition. Although we identified Tup1 as being a gene-specific cofactor for such deposition, we failed to identify elements that specify SWR1-C recruitment. The timing of such recruitment may suggest the involvement of specific chromatin rearrangements that occur upon transcriptional repression but not on transcription per se, since Htz1 was also deposited in a transcriptionally inactive TATA-less GAL1 promoter allele (data not shown). Alternatively, one could postulate that SWR1-C has a general and not a directed affinity for specific architectural features of chromatin. These features might be as general as those that differentiate promoter from nonpromoter regions in yeast chromatin (37) or more specific than those specified by Reb1-dA:dT (32) . Nevertheless, following its recruitment, the function of the Htz1 exchange complex at specific nucleosomes might then be dictated by promoter-specific factors such as the Tup1 corepressor.
